Abstract: Artificial fish-like robot is an important branch of underwater robot research. At present, most of fish-like robot research focuses on single robot mechanism behavior, some research pays attention to the influence of the hydro-environment on robot crowds but does not reach a unified conclusion on the efficiency of fish-like robots swarm. In this work, the fish-like robots swarm is studied by numerical simulation. Four different formations, including the tandem, the phalanx, the diamond, and the rectangle are conducted by changing the spacing between fishes. The results show that at close spacing, the fish in the back can obtain a large wake from the front fish, but suffers large lateral power loss from the lateral fish. On the contrary, when the spacing is large, both the wake and pressure caused by the front and side fishes become small. In terms of the average swimming efficiency of fish swarms, we find that when the fish spacing is less than 1.25L (L is the length of the fish body), the tandem swarm is the best choice. When the spacing is 1.25L, the tandem, diamond and rectangle swarms have similar efficiency. When the spacing is larger than 1.25L, the rectangle swarm is more efficient than other formations. The findings will provide significant guidance for the control of fish-like robots swarm.
Introduction
The multi-robot control has been a topic of broad interest in recent years. A single robot with multiple capabilities cannot necessarily accomplish an intended job, whereas robots in a robot swarm in which each robot with its own functions, can be more flexible, robust, cost-effective and do complex tasks [1] . Some literature [2] [3] [4] focuses on the collaborative multi-robot studies, including the coordination and control techniques, the communication among robot groups, mapping and localization as well as the architecture of the multi-robot system. Other studies [5, 6] are concerned with certain collaborative missions, such as box-pushing, formatting and rescue. In addition, some studies [7, 8] focus on heterogeneous robots swarm which is capable of performing user-defined tasks. Based on the analysis of existing robots swarm systems [1] , researchers designed the hardware architecture [9, 10] and software environment [11] of robot swarms, which enables land robots to handle various tasks in unknown or dynamic environments. Formation control is also a research direction of swarm robots [12] [13] [14] [15] . Underwater robot swarms, unlike air or land robots, can hardly maintain their formation through communication [16] . Besides, in the underwater environment, the velocity of fluids, viscosity of fluids, the complex geometry environment condition and even the interaction between robots can change the underwater robots swarm behaviors. Therefore, it is necessary to figure out a stable and efficient formation of underwater robots swarm.
At present, many researchers use numerical simulation methods to study underwater robots, avoiding the limitations of experimental conditions. Furthermore, this method can provide a more intuitive hydrodynamic phenomenon, which can provide guidance for the shape design and control of the underwater robots [17] [18] [19] . There is evidence to show that fish-like underwater robots have better motion ability [20] [21] [22] [23] . The research on the formation of underwater robots is mostly based on fish-like robots.
Weihs [24] proposes a hydrodynamic theory of schooling that a fish in a diamond school swimming between two adjacent fish wakes can save energy. Novati et al. [25] , through employing reinforcement learning, adjust swimming motions and relative positions to reach a stable tandem configuration, at the same time the follower swimmer can reduce energy. Maertens et al. [26] establish optimal undulatory propulsion for a single fish by numerical simulation and find that the follower fish saved energy at any position as it can appropriately modulate its body motions according to the oncoming vortices. Ashraf et al. [27] show that the phalanx pattern of swimming animals can be a strategy to optimize swimming performance. Verma et al. [28] discuss several kinds of coordinated swimming patterns and the results show that through deep reinforcement learning autonomous swimmers can exploit unsteady flow fields to swim efficiently. Dai at al. [29] find that multiple kinds of fish school formations can keep stable by hydrodynamic interactions alone.
The above studies provide many good ideas and algorithms for the control of fish-like robots swarm and propose some efficient fish-like robot formations. However, these studies adopt different geometric models, kinematic models, and hydrological environments, but do not reach a unified conclusion on the efficiency of fish-like robots swarm. Thus, it is difficult for them to provide much guidance on how to select the efficient fish-like robot formation configuration under specific conditions. Therefore, this paper studies the influence of changing swarm configuration on multiple fish-like robots based on the same geometric model, kinematic model, and hydrological environments. To be specific, the main contributions are summarized as follows:
• Efficiency savings are simulated by changing the formation of the fish-like robots swarm and the spacing between fishes. The results show that the efficiency of the tandem swarm is high at close spacing, and the efficiency of the rectangle swarm is high at large spacing.
• Set the hydro-environment to a low Re number [30] and simple geometry boundary condition, which is closer to the gentle aquatic environment. Set four kinds of fish-like robots swarms: the tandem, the phalanx, the diamond and the rectangle, and the spacing between fishes is changed to test the thrust coefficient, the lateral power loss coefficient and the Froude efficiency of fishes.
• Discuss the influence of the wake [25, 31] and the pressure field generated by the fish-like robot tail swing on the Froude efficiency, and analyze the effect of fish-like robot spacing on swarm performance. The influence of the wake especially the direction and size on tandem swarm is analyzed detailedly, and the results of other formations are consistent with it. The findings will provide significant guidance for the control of fish-like robots swarm.
Based on the open-source software OpenFOAM [32] [33] [34] , this work models and simulates fish-like robots, and moves mesh with a parallel dynamic mesh method based on the radial basis [35, 36] .
The rest of the paper is organized as follows. Section 2 describes the computational methods, and includes the fish-like robot geometric and kinematic model, the computational fluid dynamics numerical method, the fish-like robots swarm configuration and the performance measurements. In Section 3, massive simulation results are presented and analyzed. Conclusions are drawn in the final section.
Computational Methods

Geometrical Model and Kinematic Model
The present study of fish-like robot swarms was based on two-dimensional simulations. For convenience, the fish-like robot is abbreviated as fish. In our work, we used a cross-section of the three-dimensional fish body that is in the work of Kern and Koumoutsakos [37] as the two-dimensional simulation model. The half outline of the two-dimensional fish body was described by w(s), which is defined as the analytical functions of the arc length s (measured from the nose) along the midline of the body. The analytical description of w(s) is divided into three regions:
where L is the body length, w h = s h = 0.04L, w t = 0.01L and s t = 0.95L. Figure 1a shows the half outline of the straight body. Generally, the kinematics for the anguilliform swimmers can be considered as a backward travelling wave, with the amplitude increasing almost linearly from the head to the tail of the fish [38] . Here we adopted the equation specified by Carling [39] to describe the deforming motion of the fish body. The lateral undulation of the midline y(s, t) is given as follows:
where T is the undulation period. Controlled by this equation, the wavelength of the body undulations was L, and the maximum lateral excursion of the tail was 0.125L. 
Numerical Method
This work presents an arbitrary-Lagrangian-Eulerian(ALE) method [40] [41] [42] to simulate fish moving in the fluid. The governing equations of ALE formulation for the two-dimensional viscous incompressible flow are expressed as follows:
In these equations, ρ and ν denote the density and the kinematic viscosity of the fluid respectively; p and u represent the pressure and velocity of the flow respectively; b is the body force per unit mass, c is the convective velocity which represents the relative velocity between the moving mesh and the fluid. The boundary conditions are set as follows: uniform velocity at the inlet, constant static pressure and zero-gradient velocity at the outlet, slip wall at the lateral boundaries, and no-slip wall on the surface of the cylinder. The interaction of the fish and the fluid is realized by setting a no-slip boundary condition on the robot surface and introducing a relation:
where u b is the fish body velocity, u f is the fluid velocity at the surface of fish body. The governing equations were discretized by a finite volume approach with the second-order backward scheme in time and second-order liner scheme in space. The pressure-implicit split-operator (PISO) algorithm [43] was used to solve Equations (3) and (4) for velocity and pressure. The whole computational domain was decomposed by triangle mesh, as illustrated in Figure 1b . As the fields around the undulating fish may had a large gradient, mesh near the robot was refined with high resolution. The surface of the fish body was composed of 110-160 cells. All the simulations were based on the mesh scale from 5 × 10 4 − 9 × 10 4 cells which has been tested to be large enough for our two-dimensional simulations. We used a parallel dynamic mesh method based on the radial basis function to move mesh on OpenFOAM.
Swarm Configurations
In this work, we mainly compared four different swarm configurations: tandem, phalanx, diamond and rectangle. For the tandem shape swarm in Figure 2a , fishes were swimming in a line with same interval spacing dx. In this configuration, the robot swimming in the front generated flow in the wake, thus the fish swimming downstream was affected by the unsteady flow. For the phalanx configuration in Figure 2b , fishes were placed in a column with spacing dy, and the effect of the lateral flow oscillating was considered. To synthetically take into account the two directional effects, we also designed the diamond swarm and the rectangle swarm: the diamond swarm was shaped by four fishes as shown in Figure 2c , and the rectangle swarm is shaped by four fishes as shown in Figure 2d . In these two configurations, the longitudinal spacing dx and the lateral spacing dy were set the same. The number of each fish in the swarm was also given in the Figure 2 .
For all the swarm configurations, fishes were swimming in the same phase difference. We studied the hydrodynamic consequences with the spacing dx and dy varying from 0.5L to 2L. 
Performance Measurements
Steady undulatory swimming is characterized by two non-dimensional parameters, the flow Reynolds number Re and the Strouhal number St, which can be defined as follows:
where U is the steady swimming speed, ν is the kinematic viscosity of the fluid, f is the tail-beat frequency and A is two times the lateral excursion of the tail tip. For the reason to introduce the viscous effect, we set the Reynolds number at a relatively low value (1 × 10 3 ) [30] . In order to obtain a constant swimming speed U, we attach the fish to a rigid tether at a given constant inlet velocity U. As the Re and U is set constant throughout the whole simulations, we vary the St only by setting different values of the tail-beat frequency. The work of Borazjani and Sotiropoulos [44, 45] proposes the method that can change the St whilst keeping constant swimming speed U and Reynolds number Re. The flow induced by a model fish is simulated. The model fish is attached to and dragged by a rigid tether that translates the fish in a stationary fluid at a given constant velocity U. The desired value of Re can be obtained by a fixed speed of the tether U. We can adjust the St through modifying the beating frequency of the fish tail f , and the fish always undulates its tail at the required constant frequency. The force acting on the fish body by the water flow is set to be F. If F = 0, the hypothetical tether absorbs the surplus force. Therefore, the net force exerting on the fish is zero, and it meets the constant swimming velocity assumption. In these cases, if the assumed tether is cut off instantaneously, the fish will accelerate or decelerate under the influence of the extra force F. For a given Re, the St is changed until the net average force that exerted on the fish is zero, i.e., F = 0. In this case, the assumed tether clearly has no effect on the fish. This is because if the hypothetical tether is cut off, the fish will also keep swimming at a constant speed U. The fishes can follow this procedure to keep formation configurations and simulate natural "free swimming" conditions.
In other words, the simulations use "pinned" formation configurations for the simulated fishes, where the fishes are not allowed to deviate from their assigned positions, and an inflow velocity is imposed. The tail-beat frequency is then adjusted until the average thrust is approximately equal to the average drag, which is necessary to emulate the natural "free-swimming" condition.
It is still controversial and ambiguous to measure the swimming efficiency in numerical simulations. The Froude efficiency that indicates the proportion of the useful power in the total power is a relatively accurate and reasonable parameter, which is defined as:
where T is the average thrust, U is the swimming speed, and P y is the average power loss due to the lateral undulations. To obtain the Froude efficiency during the steady swimming, the instantaneous thrust force and lateral power should be calculated first. In our simulations, the fishes were placed in the middle of the computational domain and swim steadily along the x direction. Here the fluid force along the x direction can be computed by integrating the pressure and viscous forces on the fish body [44] :
where n j is the j-th component of the unit normal vector on dS, τ is the viscous stress tensor, S is the surface of the body. To separate the contributions of thrust T(t) and drag D(t), we decompose the net force depending on whether F(t) is positive or negative:
The swimming power was mainly consumed in the lateral direction, which can be calculated as follows:
where u y is the lateral component of fish velocity. The non-dimensional thrust and lateral power loss coefficients are defined as:
We will also discuss the relation between wake flow and the Froude efficiency.
Results and Discussion
Correctness Validation
To approach the stable hydro-environment, we choose laminar flows, and the fluid velocity is 1L/s and the Re number is 1000. We did some work to ensure grid-and time-independence at the Re number and the correctness of the simulation method.
In order to evaluate the grid dependence of the solutions, we built the coarse and fine unstructured grids that produce M1(33, 399cells), M2(70, 553cells) and M3(191181cells), respectively. The grid-independence analysis is performed by comparing the thrust of single fish obtained with the three meshes. As shown in Figure 3 , the thrust of the single fish obtained with M2 and M3 are almost identical and the maximum relative difference is less than 1%. Thus, a simulation of time-independence was achieved with M2. The same mesh scale as M2 was adopted in the following simulations of fishes swarm.
In order to evaluate the time dependence of the solutions, we built the small and big ∆T, and set ∆T1(0.001), ∆T2(0.0001) and ∆T3(0.00001), respectively. The time-independence analysis was performed by comparing the thrust of single fish obtained with the three ∆T. As shown in Figure 4 , the thrust of the single fish obtained with all ∆T were almost identical. ∆T2 is adopted in the following simulations.
In order to evaluate the correctness of simulation method, we simulated a single fish under conditions in Carling [39] , and the results are shown in Figure 5b . In Figure 5 , Carling's model and results are presented on the left and ours on the right. Because of the difference of geometric models, the asymptotic mean velocity of fish and the convergence time were different, but the overall trend was consistent. We found that Hieber et al. [46] used the same geometric model as we did, and their asymptotic mean velocity was very close to our result. Therefore, we have reason to believe that our method is correct and the method is adopted in the following simulations. In addition, it is important to note that only when the net force of the fish body is zero, the fishes are able to maintain formation configurations and the Froude efficiency is useful [44, 45] . If the net force was not zero, the thrust force and the drag force were not equal, which means the fish was accelerating or decelerating. Thus the constant inlet velocity cannot indicate the swimming speed, and the fishes can not maintain formation configurations .
Because the net force of the fish was influenced by the St number, we conducted a series of simulations at different St to find the value that can ensure the net force to be zero. Firstly, a single fish was considered. The St number is tested from 0.35 to 0.6 shown in Table 1 . We find that the net force of the fish body is zero when the St number is 0.45 as shown in Figure 6 . Then, the diamond swarm and the rectangle swarm were considered. The St number was tested from 0.15 to 0.625, and the spacing between fishes is changed from 0.5L to 2L shown in Table 2 . We calculated the thrust force and drag force of each fish and the average net force, and a part of the results are shown in Figure 7 . The results show that the average net force of the fish swarm was zero when the St number was near to 0.45. Therefore, we also show the thrust and drag of each fish at each spacing under St = 0.45 in Figure 8 . In this work, we think the net force was 0 when the difference between thrust and drag was less than 10%. We also find that as the St number increased, the thrust also increased. This is because we changed the St number by setting different tail-beat frequency f . The larger tail-beat frequency f , the larger St number, and thrust. We set the St number to 0.45 in the subsequent simulation.
To simulate the swarm of fish-like robots, we mainly investigated four typical kinds of swarm formations, which are tandem, phalanx, diamond and rectangle. The tandem and phalanx swarm are shaped by three fishes. The diamond and rectangle swarm were shaped by four fishes. For each swarm shape, we changed the spacing between fishes and analyzed its effects on the fish swimming efficiency. The average performances of four swarm shapes were also compared. The experimental parameters are shown in Table 3 . 
The Tandem Swarm
The thrust and drag at different spacing in the tandem swarm are shown in Figure 9 . It is verified by simulations that the net force of fish is about zero. Therefore, the fishes are able to maintain the tandem formation, and the Froude efficiency η is useful.
We calculated the non-dimensional thrust, lateral power loss coefficients and the Froude efficiency of each fish. The results are shown in Figure 10 . In the tandem swarm, the performance of no.2 and no.3 fish was basically similar. In general, no.2 fish has larger thrust coefficient, less lateral power loss and higher efficiency. However, as the spacing changes, we find that the performance of the fish is not always good. We illustrate this by analyzing the flow field in Figure 11 and Table 4 . Near the head of the fish robot, if the velocity direction of fluid in vertical direction was the same as the direction of fish swinging, the fish had better efficiency [25] . In this work, the wake indicates the vertical velocity of fluid. The color of the wake indicates the value and direction of the vertical velocity. The velocity boundary is from −0.25L/s to 0.25L/s, where the blue wake indicates that the vertical direction fluids velocity is negative, and the red wake indicates that the vertical direction fluids velocity is positive. The deeper the color of the wake, the greater the relative velocity.
A wake flow had a diameter of approximately 0.24L when it had just fallen off from the fish tail. The farther from the tail, the wake was weaker and the spacing between two wakes were larger, as shown in Figure 11a .
The no.2 fish achieved the best performance in the Froude efficiency. The Froude efficiency was the highest when the spacing between fishes was 1.0L, and it was the lowest when the spacing was 1.25L. This is determined by the wake of the no.1 fish, the phase of the no.2 fish and the spacing between fishes.
We measured the size of the blue wake and the red wake near the no.2 fish head when the wake had just fallen off from the tail of the no.1 fish. When the spacing is 1.0L and 1.25L, near the head of no.2 fish, the sizes of the wake were basically equal. However, when the fish head swings downwards, the wake at the spacing of 1.0L shown in Figure 11b is the same direction as the fish swings. The wake at the spacing of 1.25L shown in Figure 11d is opposite to the direction of the fish swings. Similarly, when the fish head swings upwards, the wake is the same direction as the fish swings at the spacing of 1.0L shown in Figure 11c . The wake is opposite to the direction of the swinging of fish at the spacing of 1.25L shown in Figure 11e . The wake directions and sizes of other spacings are shown in Table 4 . It is only necessary to discuss the wake in which the fish head swings downwards, because that of the upward swing is similar. When the spacing was 0.5L, the wake in the opposite direction did not result in very low efficiency because the size of the wake is small. The wake became weaker as the spacing increased. Therefore, at large spacing such as 1.75L and 2.0L, whether there was a positive or negative wake, it had little effect on efficiency. The efficiency of the single fish was about 0.47 which was lower than the minimum efficiency of no.2 fish. It shows that in a stable formation of fishes at a constant spacing and speed, even the effect of the worst wake was better than that of no wake.
Therefore, we conclude that the wake is consistent with the direction of the fish head, which can improve swimming efficiency. In addition, the large and strong wake influences more on the Froude efficiency. Also, the pressure generated by the swinging of the fish body can hardly affect the adjacent fish in the tandem swarm.
The Phalanx Swarm
The experiments find that when the spacing between fishes was 0.5L, the net force of the fish body was not zero. The results are shown in Figure 12 . Through Ashraf's experiment [47] and Dai's simulation [29] , we learn that in the high-efficiency phalanx fish swarm at the spacing between 0.15L and 0.65L, fishes swim by "out-phase". However, in this work, all fish swim by "in-phase". Therefore, the drag of the phalanx swarm at close spacing (0.5L) was larger than thrust. Thus, in this work, the phalanx swarm does not discuss the case where the spacing between fishes is 0.5L. We calculate the non-dimensional thrust, lateral power loss coefficients and the Froude efficiency of each fish in other spacing cases. The results are shown in Figure 13 . In the phalanx swarm, the thrust coefficient of the three fishes had the same trend as the spacing changes, and the values of fishes on both sides were close. The no.2 fish had the smallest lateral power loss. However, there was no fish which had the best Froude efficiency.
From the phalanx swarm, we can get that the pressure generated by the swinging of fish body will affect the adjacent fish. When the spacing between fishes was 0.75L, the contours of the pressure field is shown in Figure 14a . We find that the pressure fields of adjacent fishes overlap and the Froude efficiency was the lowest. Figure 14b shows the contours of pressure field when the spacing was 1.25L. The pressure fields of each fish are independent, and do not affect each other and the Froude efficiency is better. In a word, if the spacing between fishes was too close, the fish swam unsteadily and reduced the swimming efficiency. 
The Diamond Swarm
The thrust and drag at different spacing in the diamond swarm are shown in Figure 8a . It is verified by simulations that the net force of each fish is about zero. Thus, the fishes are able to maintain the diamond formation, and the Froude efficiency η is useful.
We calculated the non-dimensional thrust, lateral power loss coefficients and the Froude efficiency of each fish. The results are shownin Figure 15 . In the diamond swarm, the thrust coefficients of no.2 fish and no.3 fish in the symmetrical position were basically equal, and the No.4 fish had the largest thrust coefficient. None of the fish had an obvious advantage in the lateral power loss and the Froude efficiency. The no.2 fish and the no.3 fish basically had the same results after the spacing was larger than 1.0L.
In the diamond swarm, only the no.4 fish was affected by the wake of the fish in front. When the spacing was large, there was almost no wake near the no.4 fish head as shown in Figure 16a , so the efficiency was not high. However, at close spacing shown as Figure 17a , the pressure generated by the adjacent fish swing affected the stability of the fish and reduced efficiency. Therefore, in the diamond swarm, the efficiency was best when the spacing was moderate (1.25L). Its wake and pressure field are shown in Figures 16b and 17b . The wake was weak, but it was better than no wake. 
The Rectangle Swarm
The thrust and drag at different spacing in the rectangle swarm are shown in Figure 8b . It is verified by simulations that the net force of each fish is about zero. Therefore, the fishes were able to maintain the rectangle formation, and the Froude efficiency η is useful.
We calculated the non-dimensional thrust, lateral power loss coefficients and the Froude efficiency of each fish. The results are shown in Figure 18 . In the rectangle swarm, the thrust coefficients of no.1 fish and no.3 fish, no.2 fish and no.4 fish in the symmetrical position were basically equal. None of the fish had an obvious advantage for the lateral power loss and the Froude efficiency. Nevertheless, the performance of fish behind was better than that of fish in front.
In the rectangle swarm, at close spacing, the fish was affected by the pressure of the adjacent fish swing and resulting in low efficiency; at large spacing, the wake was small and weak, which also leads to low efficiency. Therefore, the moderate spacing (1.5L) made the rectangle swarm the most efficient. The wake is shown in Figure 19 , and the pressure field is shown in Figure 20 . 
Comparison between Different Shapes
We only compared the average Froude efficiency of the different fish-like robots swarms. The performance of a single fish-like robot was also simulated as a baseline. As shown in Figure 21 , in the stable formation configurations of fishes at a constant spacing and speed, the tandem swarm has the highest efficiency when the spacing is less than 1.25L, while the rectangle swarm was more efficient when the spacing was larger than 1.25L. As the spacing increased, the efficiency of the diamond swarm was lower than that of a single fish, and the performance of the phalanx swarm was the worst.
There were two factors that affected the Froude efficiency: thrust and lateral power loss. The thrust was large at close spacing, but the side-by-side fish caused a large lateral power loss, so the tandem swarm has the highest Froude efficient at close spacing. At large spacing, the rectangle swarm and the diamond swarm were almost unaffected by side-by-side fish. However, the rectangle swarm can obtain stronger and larger wakes than the diamond swarm, so the efficiency of the rectangle swarm was the highest. The phalanx swarm had the worst performance because it was not affected by the wake.
The simulation results suggest that we should choose the tandem swarm when the spacing between fishes is less than 1.25L, and should choose the rectangle swarm when the spacing is larger. 
Conclusions
In this work, we present the numerical simulation results of fish-like robots by changing the swarm configuration. All our conclusions are based on the stable formation of fishes at a constant spacing and speed. The results show that the wake and the pressure resulting from the swing of the fish body are important factors affecting the Froude efficiency. Precisely, the wake mainly affects the thrust, and the pressure resulting from the swing of the fish body mainly affects the lateral power loss. Generally, both the larger wake in the same direction as the swing of fish head and the less pressure resulting from the swing of the fish body lead to higher Froude efficiency. By comparing the performance of different fish swarms and analyzing the velocity fields and pressure fields, we can find that at close spacing the fish in the back can obtain large thrust coefficient because of the large wake from the front fish, but side-by-side fish can cause large lateral power loss. On the contrary, at large spacing, the fish obtain the small wake, which results in the small thrust coefficient, but the side-by-side fish hardly affect each other. By comparing the Froude efficiency between different swarms, the efficiency of the tandem swarm is highest at close spacing, and the efficiency of the rectangle swarm is highest at large spacing. The results suggest that the fish-like robot group could choose the suitable swarm configuration according to the different environment and tasks. In the future, we will further consider the three-dimensional model, and choose a larger Reynolds number, and simulate the turbulence flow. In addition, in the literature [29] , we have learned that "out-phase" swimming seems to be more efficient than "in-phase" swimming, so changing the phase difference between adjacent fish-like robots will be a possible direction for future work. In order to make the simulation closer to reality, we will also consider more control algorithms.
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